the imprint is erased in the epiblast lineage so that cells † Department of Genetics giving rise to the embryo proper can undergo random Harvard Medical School X inactivation around 6.5 dpc (Rastan, 1982).
, 1997). When in embryonic stem cells, deleting Tsix causes ectopic a murine Xist deletion is inherited through the father, X inactivation in early male embryos and inactivation
heterozygous female embryos die after implantation as of both X chromosomes in female embryos, indicating a result of poor extraembryonic tissue development that X chromosome counting cannot override Tsix im-(Marahrens et al., 1997). Therefore, as is the case for printing. These results highlight differences between random X inactivation, upregulation of the Xist gene is imprinted and random X inactivation but show that central to initiation of imprinted X inactivation. Tsix regulates both. We propose that an imprinting Important differences do exist between imprinted and center lies within Tsix. random inactivation. First, while random X inactivation is associated with CpG hypermethylation of genes on Introduction the inactive X, an association with methylation has not been found for the imprinted mechanism (Kaslow and In mammals, X inactivation achieves dosage compensaMigeon, 1987), a point that may explain why marsupial tion of X-linked genes in XX and XY individuals (Lyon, tissues demonstrate a high frequency of X chromosome 1961). Two forms of this mechanism have been described reactivation (Migeon et al., 1989) . Second, random X in extant mammals (reviewed in Solter and Wei, 1997).
inactivation is subject to a zygotic X chromosome count-"Imprinted" X inactivation leads to preferential silencing ing mechanism that measures the X-to-autosome ratio of the paternal X chromosome and is a process proand allows only one X to remain active in a diploid gegrammed by the parental germline (Takagi and Sasaki, nome (Rastan, 1983; Rastan and Robertson, 1985) . A 1975; West et al., 1977; Latham, 1996) . In contrast, "ranchoice mechanism then selects one active and one inacdom" X inactivation is zygotically regulated and enables tive X in an XX cell (Ohno, 1969; Lyon, 1971 ; Lee and individual cells of the developing embryo to determine Lu, 1999). In contrast, imprinted X inactivation is not stochastically whether to silence the maternal or patersubject to either mathematical or stochastic constraints. nal X chromosome (Lyon, 1961) . Although random X inactiPronuclear transplantation experiments in mice demonvation has obvious evolutionary advantages, the imprinted strate that X M X M gynogenones ("M" denotes maternal form is believed to have evolved first (reviewed in Graves, origin) cannot undergo X inactivation or do so only after 1996). In Metatherians where X inactivation is thought a long delay (Kay et al., 1994; Latham, 1996) . On the to have originated, imprinted X inactivation occurs in all other hand, X P Y and X P X P androgenones ("P" denotes tissues (e.g., kangaroos, opposum). In Eutherians or the paternal origin) can inactivate all Xs present. Moreover, so-called "placental mammals," imprinting is recapitubiparental embryos with supernumerary maternal Xs lated only during early ontogeny. The paternal X is marked (e.g., X M X M X P ) can only inactivate the single paternal X, for inactivation in the preimplantation embryo and rewhile those with supernumerary paternal Xs (e.g., mains so through the blastocyst stage. Extraembryonic X M X P X P ) can inactivate both paternal Xs (Goto and Talineages arising during this time undergo preferential kagi, 2000). Thus, imprinted X inactivation bypasses zyinactivation of the paternal X as programmed: the trophgotic counting and choice, responding instead to parentally predetermined cues. 
Normal Paternal but Impaired Maternal Inheritance of Tsix ⌬CpG
To determine if Tsix imprinting is functionally significant, we generated mice carrying a targeted deletion of Tsix (Tsix ⌬CpG ) and performed reciprocal crosses to observe possible parent-of-origin effects on Tsix ⌬CpG transmission. The Tsix ⌬CpG allele was used here because it deleted a 3.7 kb CpG-rich domain at the 5Ј end of Tsix that included the putative promoter and transcriptional start site (Lee and Lu, 1999) ( Figure 2A ). ES cells harboring the Tsix ⌬CpG allele had been previously created in an M. m. musculus background (40XY, 129 strain, agouti coat color). Here, male chimeric mice with greater than 90% ES cell contribution were mated with wild-type female C57BL/6J mice to establish F1 heterozygous females (X M X P ⌬ ; ⌬ designates the mutant X) ( Figure 2B ). Nearly all pups were agouti, indicating that the paternal contribution came almost exclusively from ES cells rather than the C57BL/6J host cells. Of 85 agouti pups born, 41 were female and all 41 carried the Tsix ⌬CpG allele. None of the 44 male pups carried the mutant allele. All pups appeared phenotypically normal. These results indicated that there was no bias against paternal Tsix ⌬CpG transmission. Furthermore, since the chimeric male mice were fertile, the CpG-rich domain of Tsix was not required for spermatogenesis in a cell-autonomous manner.
To examine the consequences of maternal inheritance, we crossed F1 mutant females to wild-type C57BL/6J males ( Figure 2C ; wild-type male siblings were also used for crosses and yielded similar results). There was no apparent sex ratio distortion, as 139 fe- and mutant pups were born at ‫%01ف‬ of expected frequency. The F3 mutants also weighed less than wildtype littermates of the same sex (data not shown). In Transmission Ratio Distortion Results contrast, F2 mutant males produced normal litter sizes from Postimplantation Lethality and transmitted the Tsix ⌬CpG allele to daughters at the The transmission ratio distortion at Tsix could be exexpected 50% frequency with no apparent untoward plained by one of two possibilities. First, given Tsix's consequences. Thus, transmission ratio distortion was known role as an antagonist of X inactivation, Tsix could observed across multiple generations and was seen only be required for X chromosome reactivation during oogenesis. Failure to X reactivate could lead to selective through the maternal germline. loss of oocytes which carry an inactivated X ⌬ chromo-( Figures 3C and 3D ), the differences between mutant and wild-type embryos were immediately apparent upon some. Alternatively, since X inactivation is imprinted in early development, transmission distortion could result visual inspection. While wild-type embryos (NeoϪ, 3 out of 9) showed size and morphology that were appropriate from disruption of imprinted X inactivation by a Tsix deletion. In the first scenario, mutant embryos would be for gestational age, mutant embryos (Neoϩ, 6 out of 9) exhibited mild to severe developmental delay. In the underrepresented at the earliest stages of development. In the alternative scenario, mutant embryos would be litter shown, two embryos demonstrated a 1.5-2.0 day delay (mut1, Figure 3D ) and four showed severe degenequally represented in the preimplantation period (0-3.5 dpc) but would be lost after the time of implantation eration with no recognizable anatomic features (mut2, Figure 3D ). Structural anomalies were evident in both (4.0-5.0 dpc) when extraembryonic tissues undergo imprinted X inactivation. To distinguish between these extraembryonic and embryonic components (data not shown). possibilities, mutant females were crossed to wild-type males, and embryos were isolated from the pre-and These embryological findings argued that the parentof-origin effects resulted from compromised developpostimplantation periods to determine the relative representation of mutant and wild-type progeny. ment during the immediate postimplantation period. Given the time frame of embryo loss, the results sugTo obtain preimplantation embryos, pregnant mutant females were sacrificed at 3.5 dpc and individual blastogested possible defects in placental development rather than defects in oogenesis or ovulation. Although the cysts were collected for PCR genotyping. A total of 60 blastocysts were collected from eight pregnant females. vast majority of mutant embryos perished during this time, rare mutant embryos could survive into late gestaThis yielded a mean "litter" size of 7.5 (range 3-13), a size similar to that observed for wild-type crosses tion and evidently accounted for the few mutant pups born to X ⌬ X mothers (Figure 2 and data not shown). performed in parallel (mean 6.5, range 4-10), and implied that there was no quantitative defect in ovulation. Because the Tsix ⌬CpG locus was replaced by a Neo-resistance marker during gene targeting, mutant embryos Disruption of Imprinted X Inactivation Caused by Maternal Inheritance of Tsix ⌬CpG could be distinguished from wild type by positive Neo amplification ( Figure 3A) . The results indicated that 28 The loss of mutant embryos in the immediate postimplantation period was consistent with placental defects mutant and 29 wild-type embryos were present at 3.5 dpc (3 were lost during DNA processing). Mutant and due to disruption of imprinted X inactivation. To test this hypothesis, we compared Xist expression patterns in wild-type blastocysts were morphologically indistinguishable ( Figure 3B ), and males (Zfyϩ) and females wild-type and mutant embryos. Since Xist upregulation provides a biochemical and a cytologic marker for X (ZfyϪ) were present in approximately equal numbers ( Figure 3A and data not shown) . These findings demoninactivation, we examined Xist expression by allele-specific RT-PCR and by fluorescence in situ hybridization strated that mutant and wild-type embryos were equally represented and viable during preimplantation devel-(FISH) at a time when imprinted X inactivation occurs in the trophectoderm of the late blastocyst. opment.
Postimplantation embryos were isolated from pregFirst, strand-and allele-specific RT-PCR was performed on late (4.0 dpc) blastocysts isolated from hybrid nant mutant females at 9.5 dpc and genotyped by PCR. As shown for one representative litter of nine embryos crosses between mutant musculus females and wild-almost all showed sparse trophoblast outgrowth (hence, the smaller numbers of mutant trophoblasts in Figure  5C ). This observation supported a specific defect in trophoblast differentiation and proliferation. FISH analysis revealed that biparental Xist expression in mutant female trophoblasts did indeed reflect high level biallelic Xist expression (Figures 5A and 5C ). Importantly, the presence of two Xist clouds in mutant cells was not due to tetraploidy, as cohybridization with the X-linked marker, Zfx, showed only two X chromosomes in these cells ( Figure 5B ; tetraploid cells were rare as indicated in Figure 5C ). These results demonstrated that a maternally inherited Tsix deletion led to Xist derepression in cis and that derepression occurred despite an seen in only 60% of female trophoblasts ( Figure 5C ).
RT-PCR was performed on representative male and female mutant
In mutant male embryos, ectopic in a subset of extraembryonic cells, either because they could override the effect of Tsix ⌬CpG or because they were not subject to imprinting. The inabsolute nature of type castaneus males (Figure 4) . Wild-type crosses beimprinted X inactivation may explain why a small fraction tween musculus and castaneus were performed in paralof mutant embryos survived to term (see Discussion).
lel (Figure 4). While wild-type embryos of both sexes
Taken together, these results showed that imprinting showed maternal Tsix expression (musculus), neither of Tsix does indeed regulate imprinted Xist expression male nor female mutant embryos showed detectable in early mouse development. Thus, control of Xist exTsix expression, consistent with there being a deletion pression depends on Tsix in both imprinted and random of the normally active maternal allele. Importantly, al-X inactivation. These results also uncovered an importhough female mutants carried an intact paternal copy tant mechanistic difference. In mutant ES cultures (Lee of Tsix, no detectable expression of this allele could be and Lu, 1999) and in the embryo proper (see next secobserved in 4.0 dpc blastocysts. These results argued tion), X ⌬ Y cells maintained the ability to repress Xist, for strict imprinting of Tsix in the preimplantation emand X ⌬ X cells showed Xist upregulation only from the bryo. When mutant XX embryos were cultured for an mutant X chromosome. Therefore, while the counting additional day, a weak paternal band could be detected mechanism remained intact during random X inactivain some by including extra PCR cycles (data not shown). tion despite the Tsix ⌬CpG mutation, the counting mechaAs epiblast cells are set aside during this time, paternal nism could not override the mutation during imprinted expression most likely originated from epiblast cells X inactivation. where the imprint is normally erased (see Discussion). To examine the effects of Tsix ⌬CpG on epiblast-derived tissues that are not ordinarily subject to imprinted X type male embryos did not express Xist, mutant male embryos showed ectopic Xist expression of maternal inactivation, primary fibroblasts were isolated from auricular skin of surviving X M X P ⌬ (n ϭ 5), X M ⌬ X P (n ϭ 2), origin. These results indicated that a Tsix deletion led to derepression in cis of the normally silent maternal and X M ⌬ Y (n ϭ 3) mice and subjected to two tests of X inactivation. First, analysis at the single-cell level was Xist allele.
Analysis of
The RT-PCR results from mutant female blastocysts carried out by RNA/DNA FISH using strand-specific probes to detect Xist RNA and a ⌬CpG probe that specifdid not determine whether biparental Xist expression was due to biallelic transcription in each cell or to randomically marks the wild-type X chromosome ( Figure 6A ). In mutant male fibroblasts (X M ⌬ Y), Xist was not expressed. ized monoallelic transcription across the population. To do so, blastocysts from wild-type (musculus ϫ musculus)
In mutant female fibroblasts, Xist was expressed from a single X chromosome and was highly skewed toward and mutant (mutant x musculus) crosses were adhered onto glass slides and trophoblasts were grown out in the mutant X. This pattern was independent of parentof-origin, as results were similar in X M X P ⌬ and X M ⌬ X P single-cell layers for RNA/DNA FISH analysis. We consistently observed that, whereas wild-type blastocysts fibroblasts. These findings agreed with those in epiblastderived ES cells in which X inactivation was inhibited in almost always attached and grew abundant trophoblasts after two days ( Figure 5A ), many blastocysts from mutant males and X inactivation was highly biased in mutant females (Lee and Lu, 1999). mutant crosses never attached, and perished within one day. Of mutant blastocysts that eventually attached, Analysis of G418 drug sensitivity provided further evi- dence of skewed X inactivation ( Figure 6B) . As a Neocultures were most typical). Thus, in somatic cells derived from surviving mutant pups, Tsix ⌬CpG also biased resistance cassette marked the Tsix deletion, the extent of skewing could be inferred from the degree of G418 X chromosome choice during random X inactivation and the effect was independent of parent-of-origin. toxicity. While X ⌬ Y fibroblasts grew equally well with or without drug, X M X P ⌬ and X M ⌬ X P fibroblasts grew poorly in G418-containing media when compared to growth in Discussion drug-free media. There was a 20-to 100-fold difference in total cell number between ϩG418 and ϪG418 mutant This work established that Tsix is imprinted and suggested that a disruption of maternal Tsix expression female cultures after 10 days, implying preferential inactivation of the mutant X chromosome. Interestingly, leads to loss of imprinted Xist expression during early mouse development. Paternal inheritance of the Tsix ⌬CpG however, both FISH and the drug sensitivity test showed that the bias on X chromosome choice was not absolute. allele had no deleterious consequence presumably because Tsix is not normally expressed from the paternal Indeed, the wild-type X could be inactivated in a small subset of cells, an observation most dramatically illuscopy. Maternal inheritance led to loss of Tsix expression and derepression of the normally silent maternal Xist trated in the X M X P ⌬ (2) culture (Figures 6A and 6B ; note, however, that the results of the X M X P ⌬ (1) and X M ⌬ X P allele. The parent-of-origin effect was equally detrimen- tal to male and female embryos, as the loss of Xist after a long delay, implying that a counting mechanism becomes operative in a sublineage so that embryos imprinting resulted in ectopic inactivation of the only X chromosome in the early male embryo and in inactivasurviving long enough acquire the ability in some cells to count X chromosomes and undergo proper dosage tion of both X chromosomes in the early female embryo. The data suggested that their postimplantation death compensation. Presumably, the counting mechanism can operate in this subset of cells only after the imprint is was caused by impaired trophoblast differentiation and a lack of placental development. erased during the late blastocyst stage. Our work supports this idea. When X M ⌬ X P blastocysts were cultured for an Our results support the hypothesis advanced by nuclear transplantation studies that imprinted X inactivaadditional day, weak paternal Tsix expression could be observed (data not shown), consistent with erasure of tion is insensitive to X chromosome counting and responds primarily to parental preprogramming (Kay et Tsix imprinting in a small subset of cells of presumptive epiblast origin. The erasure of imprinting in the epiblast al., 1994; Latham, 1996). Classic studies showed that, without regard to X chromosome number, androgenetic lineage enabled somatic cells of surviving X M ⌬ X P and X M ⌬ Y embryos to achieve X inactivation appropriate for embryos inactivate all paternally inherited Xs and gynogenetic embryos protect all maternally inherited Xs from their X chromosome constitution (Figure 6 ). Given that X inactivation is imprinted in the early eminactivation. These findings suggested the existence of a maternally expressed protective factor which is capabryo, a somewhat unexpected finding is that any X M ⌬ X P and X M ⌬ Y embryo can survive beyond the blastocyst ble of distinguishing between maternal and paternal contributions in the biparental genome. Based on the stage. This observation is strikingly similar to those made in XO mice (Hunt, 1991; Thornhill and Burgoyne, outcome of our work, we propose that Tsix is that maternal factor. Deleting Tsix on the maternal X chromosome 1993; Solter and Wei, 1997; Jamieson et al., 1998). XO animals can inherit the X chromosome either from the switched the maternal Xist epigenotype to a paternal epigenotype so that the X M ⌬ X P embryo became phenomother or father, but paternal inheritance is associated with frequent but not absolute fetal loss. Indeed, like typically similar to the X P X P embryo.
Prior work revealed that some cells of the X M X M emthe Tsix mutants, X P O embryos have poor trophoblast differentiation and are developmentally delayed after bryo can eventually induce Xist on one X chromosome 
